The purpose of this study was to evaluate the long-term postoperative incidence of and key factors in the genesis of corneal ectasia after myopic laser-assisted in situ keratomileusis (LASIK) in a large number of cases. Methods: A retrospective review of one surgeon's myopic LASIK database was performed. Patients were stratified into two groups based on date of surgery, ie, group 1 (1313 eyes) from 1999 to 2001 and group 2 (2714 eyes) from 2001 to 2003. Visual acuity, refraction, pachymetry, and corneal topography data were available for each patient from examinations performed both before and after the refractive procedures. Results: Of the 4027 surgically treated eyes, 23 (0.57%) developed keratectasia during the follow-up period, which was a minimum seven years; nine eyes (0.69%) were from group 1 and 14 eyes (0.51%) were from group 2. The onset of corneal ectasia was at 2.57 ± 1.04 (range 1-4) years and 2.64 ± 1.29 (range 0.5-5) years, respectively, for groups 1 and 2. The most important preoperative risk factors using the Randleman Ectasia Risk Score System were manifest refractive spherical error in group 1 and a thin residual stromal bed in group 2. Each of the cases that developed corneal ectasia had risk factors that were identified. Conclusion: Ectasia was an uncommon outcome after an otherwise uncomplicated laser in situ keratomileusis procedure. The variables present in eyes developing postoperative LASIK ectasia can be better understood using the Randleman Ectasia Risk Score System.
Introduction
Laser in situ keratomileusis (LASIK) is one of the most widely used methods for correction of refractive errors. Preserved integrity of the superficial corneal layers after LASIK ensures minimal tissue proliferation, resulting in a clear cornea and fast recovery time. However, some complications have been described in the literature. One of the most troublesome complications after LASIK is progressive iatrogenic keratectasia, which can occur up to several months after surgery. 1 Although the actual incidence of ectasia is unknown, it has been estimated to be 0.04%-0.6%. [2] [3] [4] Several risk factors have been suggested in an attempt to avoid ectasia. 5, 6 However, controversy exists as to the predictability of these factors, and some cases continue to occur without a clear etiological explanation. 2, 7 Ideally, patients at risk of ectasia would be identified prior to laser surgery and be classified as unsuitable candidates for LASIK; however, at present, there is no absolute test, system, or marker that can identify patients at risk of developing ectasia.
Randleman et al recently designed the Ectasia Risk Score System, which is a method of preoperative screening based upon use of risk scales and identification of a number of preoperative parameters that may be associated with increased risk of ectasia. 8 The most common risk factors, in order of significance, include: abnormal preoperative corneal topography, low residual stromal bed thickness, young age, thin preoperative corneal thickness, and higher attempted refractive correction. These factors are then amalgamated into a risk scale. However, this risk factor scale may miss a significant proportion of patients at risk of ectasia because other factors also play a role in the risk of ectasia. [9] [10] [11] The purpose of this study was to evaluate the long-term postoperative incidence of and key factors in the genesis of corneal ectasia after myopic LASIK in a large number of cases.
Materials and methods
This retrospective study included the records of all patients (4027 eyes) who underwent LASIK surgery performed by the same surgeon (Italo Cantera, Quisisana Clinic, Rome, Italy) between March 1999 and March 2003. All patients signed an informed consent in accordance with the tenets of the Declaration of Helsinki. Data points analyzed included preoperative uncorrected visual acuity, best spectacle-corrected visual acuity, treated manifest refractive spherical equivalent, and details of excimer laser ablation. Corneal topography and corneal thickness were analyzed using tomography (Orbscan, Bausch and Lomb Inc, Rochester, NY), computerized videokeratoscopy (Keratron, Optikon 2000, Rome, Italy, and Eye Top, CSO, Florence, Italy). Four keratoscopic images were obtained from each eye using each topographic instrument, and the best one was chosen. Keratometric astigmatism was defined as the refractive curvature difference at the 3 mm diameter. Corneal thickness was evaluated using ultrasound pachymetry (Tomey, Nagoya, Japan).
On the basis of the date of surgery and the specific surgical equipment used, the 4027 eyes were separated into two groups. Group 1 (1313 eyes) underwent LASIK between March 1999 and March 2001, with two men and four women developing ectasia. The preoperative data are summarized in Table 1 . Preoperative topographic corneal maps appeared quite normal, with no evidence of underlying or forme fruste keratoconus ( Figure 1 ). LASIK was performed using topical anesthesia (oxybuprocaine 0.4% eye drops). Nasal-hinged corneal flaps, planned as 120 µm thick and 8.5 mm diameter were created with a manually guided microkeratome (MDSC, Table 1 . Preoperative videokeratography showed a normal corneal pattern, with no evidence of underlying or forme fruste keratoconus (Figures 2 and 3) . In this group, a superior hinged corneal flap 9.5 mm in diameter was created using an automated microkeratome (Hansatome, Bausch and Lomb Inc, Irvine, CA) with a 160 µm plate and a 9.5 mm suction ring. An argon fluoride excimer laser (Technolas 217, Bausch and Lomb) was used to carry out the ablation on dry stroma using the Planoscan algorithm. D) , with an average optical zone of 6.17 ± 0.7 mm. The mean estimated ablation depth was 131 ± 43 µm (range 93-224 µm), with a mean residual stromal bed of 258 ± 23 µm (range 240-288 µm). Intraoperative pachymetry was performed in this group, and the mean value of the residual stromal bed was obtained from three intraoperative central corneal measures. At the end of photoablation, the corneal flaps were placed back into position without the aid of sutures.
Results
All patients included in this study had a minimum of 7 years of follow-up. There were no complications during surgery in any of the patients. All corneas were clear on the first postoperative day, and there were no cases of corneal vascularization or infection. Twenty-three eyes (0.57%) developed keratectasia during follow-up, as diagnosed by slit-lamp observation of corneal thinning in the treated area, unstable topographical steepening, and a posterior corneal bulge (Figures 4-6) . In most cases, this keratectasia was characterized by progressive steepening of corneal curvature inferiorly or centrally, progressive and significant increases in myopia, with or without increasing astigmatism, an associated severe decrease in uncorrected and often best-corrected visual acuity, and a progressive thinning of the cornea. 
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In group 1, nine eyes (0.69%) from six patients developed keratectasia ( Table 2 ). The mean age of the affected patients (four men and two women) was 27 (range [25] [26] [27] [28] [29] [30] [31] [32] [33] years. Onset of corneal ectasia appeared at 2.57 ± 1.04 (range 1-4) years after LASIK. Videokeratoscopic images showed characteristic central or inferior corneal steepening that progressively and rapidly increased in extension and in dioptric power. Corneal thinning in the treated center area with a steepening and posterior corneal bulge was evident on tomographic examination. Mean postoperative In group 2, 14 eyes (0.51%) from 10 patients developed keratectasia ( Table 3 ). The onset of corneal ectasia appeared to be 2.64 ± 1.29 (range 0.5-5) years, again with a postoperative topographic pattern of central or inferior corneal steepening that progressively and rapidly increased in extension and in dioptric power. Corneal thinning in the were in the low-risk category. Eight eyes in group 1 were in the high-risk category, none were in the moderate-risk category, and one was in the low-risk category (Table 2) , while eight eyes in group 2 were in the high-risk category, three were in the moderate-risk category, and three were in the low-risk category (Table 3) . The most important preoperative risk factor in group 1 was manifest refractive spherical equivalent (five eyes with score 4) while a thin residual stromal bed (three eyes with score 3) appeared to be in second position followed by abnormal topography (five eyes, including only two eyes with score 3). For group 2, the risks were more diverse, with the most important preoperative risk factor being a thin residual stromal bed (eight eyes with score 3), followed by abnormal topography (five eyes with score 1 and one eye with score 3), followed by young age (only two eyes).
Discussion
To our knowledge, this is the first report of the incidence of keratectasia with myopic LASIK from a large number of cases operated by the same surgeon, in the same location, and with extended follow-up. This study attempts to isolate important characteristics contributing to keratectasia by eliminating or controlling for common variables, including type of apparatus and surgical equipment used, surgical technique, and surgeon-specific factors.
In the present study, with its long-term follow-up of a large number of cases, the incidence of corneal ectasia after myopic LASIK was 0.57%, and these data are in agreement with other published data. 12 The 4027 eyes included were stratified into two groups on the basis of date of surgery and the different surgical equipment used. The incidence of ectasia after LASIK in group 2 was lower than in group 1 (0.69% versus 0.51%), but this difference was not statistically significant on Chi-square analysis (two-tailed P value = 0.5085). This incidence may become lower as a function of time (group 1 patients were operated prior to group 2) given that the patients in group 2 were operated on using newer laser technology and additional care was paid to preoperative patient selection for the procedure.
Post-LASIK ectasia can potentially be avoided by careful patient screening preoperatively to identify risk factors which might lead to this complication. When analyzing our reported cases of corneal ectasia, one should consider that, of the 23 eyes analyzed, 16 were in the high-risk category according to the Ectasia Risk Score System, three eyes were in the moderate-risk category, and four were in the low-risk category (Tables 2 and 3) . These results seem to validate the Ectasia Risk Score System proposed by Randleman et al. The present study focused specifically on 23 patients with postoperative corneal ectasia, and excluded analysis of false-positive cases but exhaustively analyzed falsenegative cases. These data would represent a conservative and reasonable approach to preventing the serious complication of iatrogenic ectasia.
It must be considered that the thickness, curvature, shape, and tensile strength of the cornea are modified by surgery. This significantly changes the biomechanical properties of the cornea such that corneas with the same thickness do not necessarily have the same strength. 13 Histopathological and ultrastructural studies suggest that interlamellar and interfibrillar biomechanical slippage occurs when the cornea becomes ectasic after LASIK in the postoperative stress-bearing regions of the corneal stroma. This two-phase chronic biomechanical failure process is similar to that seen in keratoconus. Composite science classifies this chronic biomechanical failure process as delamination and interfiber fracture.
14 Thin estimated residual stromal bed thickness was seen in our series in 21 of 23 cases (91.3%), comprising eight of nine (88.9%) in group 1 and 13 of 14 (92.8%) in group 2. In our experience, the residual stromal bed represents the most important factor in the development of ectasia. The flap cannot act as a barrier against mechanical stress, so iatrogenic keratectasia can easily occur when the remaining stroma is extremely thin, which is a particularly common problem in surgery for high myopes. 15 After Barraquer insisted that more than 300 µm of stroma should be left to prevent iatrogenic keratectasia, surgical equipment has continued to improve. 16 Therefore, the guideline proposed as the safety margin for residual stroma needs to be changed accordingly. 17, 18 The residual stromal bed thickness is usually calculated as the remainder of the whole corneal thickness minus corneal flap thickness, so is an estimated value. From 1995 to 1999, an estimated residual stromal bed thickness of 200 μm was considered by surgeons to be the lower limit. From 1999 to 2002, a residual stromal bed thickness of 250 μm was attempted. After 2002, the minimal residual stromal bed thickness was calculated preoperatively to be 300 μm. If a flap thicker than intended was encountered, the planned laser ablation was reduced by decreasing the intended correction and/or reducing the diameter of the ablation to preserve the residual stromal bed thickness. 
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The literature recommends paying special attention to corneal thickness, amount of thinning, intraocular pressure, type or quality of structural tissue, keratoconus, ocular trauma, and eye size. To ensure that an adequate posterior corneal residual bed is preserved, preoperative corneal thickness and excimer laser ablation depth must be evaluated before LASIK. 19 Errors in calculation of the residual stromal bed can occur, and can be caused by three factors. The first involves estimating ablation depth as related to the width of the optical zone and the profile of the corneal ablation. Ablation rate per pulse is higher for the middle stroma than for Bowman's layer and the anterior stroma; thus, based on photorefractive keratectomy nomograms, ablation depth in LASIK could be greater than expected. 20, 21 According to more recent experience, refractive surgeons prefer to perform ablations with larger ablation zones to avoid the risks of glare, halos, and postoperative haze. For this reason, attempted correction should rarely exceed the limit of −12.00 D to −15.00 D. There can also be differences in the degree of laser ablation because the effective level of delivered energy is not always the same. 22 Moreover, dryness of the cornea during surgery also limits the results. 23 Second, errors in the calculation of overall corneal thickness with pachymetry can occur, especially in the presence of atypical focal thinner regions not detected by three to four standard measurements over the corneal center. 20 Another factor could be related to the estimated or real flap thickness, especially using a manually guided microkeratome. Using the ACS Chiron microkeratome with a 160 µm plate, flap thickness was reported to be 114.1 ± 17 µm, 24 and 156.0 ± 26 µm with a Schwind microkeratome unit. 18 Therefore, the value of the estimated residual corneal bed is theoretical, and the real flap thickness is unknown. Using optical coherence tomography after LASIK for high myopia with the Hansatome microkeratome and a 160 µm plate, Maldonado et al measured a mean corneal flap thickness of 124.8 ± 18.5 µm one day postoperatively. 23 Yildrim et al, using the Hansatome microkeratome with a 180 µm plate and ultrasound examination reported a mean corneal flap thickness of 120.8 ± 26.3 µm. 25 Further differences have been reported in creating the corneal flap with a manual or automated microkeratome. 26 In particular, the cut results are thicker with slower microkeratome advancement, and thinner with faster microkeratome advancement. 27 Moreover, a manually-guided microkeratome creates a larger flap diameter and increased flap thickness in the direction of the hinge. 28 In contrast, an automated microkeratome creates a flap that is thinner in the direction of the hinge. For this reason, preoperative and intraoperative measurement of flap thickness using the lower ranges of assumed/calculated residual stromal bed thickness with a given flap creation system could be a good solution to minimize the chances of a thin residual stromal bed. In the present study, patients in group 1 showed a slightly thicker residual stromal bed than patients in group 2. These data seem contradictory because group 1 patients were treated for higher degrees of myopia. It is possible that in these patients the theoretical (estimated) residual stromal bed does not correspond to the actual stromal bed. We hypothesize that the difference in residual stromal bed may be due to a thicker flap, as shown in one patient who subsequently underwent corneal transplantation where the corneal flap was microscopically measured and found to be 80% thicker than expected. 27 To obtain a more realistic evaluation of corneal flap thickness, it would be advisable to perform intraoperative pachymetry. Belin and Ambrosio suggest that, in addition to the intraoperative recommendations made by Binder and Trattler, all preoperative residual stromal bed computations be based on the thinnest preoperative reading. 29 Even if the flap is made precisely, it is difficult to measure the thickness of stromal bed easily during and after LASIK without expensive devices. There are several corneal imaging devices which are commercially available for measuring residual corneal stromal thickness, such as very high frequency ultrasound, optical coherence tomography, and confocal microscopy. 30 However, these technologies are often too expensive and are not commonly available in many clinical settings. On the other hand, intraoperative ultrasonic pachymetry is not expensive, but its accuracy is limited by the fact that the exposed stroma is sometimes swollen or the procedure itself can desiccate the stromal bed. 31 In the present study, patient data are limited to surgeries performed up to 2003, when the risk of post-LASIK ectasia was not widely known and higher corrections were attempted. Therefore, our conclusions do not necessarily apply to current practice. During the period in which these patients underwent surgery, intraoperative measurement of the residual stromal bed thickness was not commonly undertaken, and as such, we calculated the residual stromal bed indirectly using the postoperative total central corneal thickness and the known variable range of flap thickness. Measurement of corneal thickness immediately after surgery is difficult because of the instability of the flap itself. In addition, edema of the cornea after LASIK can lead to faulty measurement of corneal thickness, and this usually normalizes after the fifth submit your manuscript | www.dovepress.com Dovepress Dovepress postoperative day. 32 The corneal epithelium also has some influence on evaluation of the cornea, becoming thickened between the first and third month postoperatively. 33 Use of femtosecond laser to achieve a flap with more predictable thickness may be a good substitute tool in this regard. 34 In addition, increased peripheral wound healing and side-cut architecture enable stronger healing of femtosecond lasercreated flaps compared with mechanical microkeratomes and may be an advantage. [35] [36] [37] There is additional evidence that a strong LASIK wound has the potential to resist deformation from intraocular pressure. 38 More importance has been given to total residual corneal thickness rather than to stromal bed thickness. The residual bed thickness is the more important parameter for ensuring adequate strength of the corneal tissue, given that the flap has a marginal role in the structural strength of the tissue. As described by Comaish and Lawless, the anterior 100-120 microns of the cornea are stronger than the rest of the stroma and may be more resistant to mechanical deformation than the posterior stroma. 39 It is evident that because of its collagen structure, some eyes left with a too thin residual corneal thickness after LASIK are unable to withstand normal intraocular pressure and progressive forward forces. The cornea is under constant stress from normal intraocular pressure pushing outward. The collagen bands of the cornea provide its form and biomechanical strength. LASIK thins the cornea and severs collagen bands, permanently weakening the cornea. This results in forward bulging of the cornea. Preclinical ocular pathology such as forme fruste keratoconus and individual differences in corneal tensile strength also make it difficult to determine a safety margin for the stromal bed. 18, 40 Abnormal topographical patterns were seen in our series in eight of 23 cases (34.8%), comprising two of nine (22.2%) in group 1 and six of 14 (42.8%) in group 2. One of the most common findings in ectasia cases has been abnormal preoperative topography, suggesting a pre-existing ectatic corneal disorder, eg, keratoconus, forme fruste keratoconus, or pellucid marginal degeneration. 5, 8, 41, 42 We assume that an additional risk factor is the removal of a critical amount of corneal tissue from the stromal bed that could structurally weaken the eye. The critical amount of tissue may vary from eye to eye. 43 In 2003, a review of 85 published cases documented that the majority had abnormal topography prior to LASIK surgery and/or did not undergo intraoperative pachymetry, leaving an unknown assumed residual stromal bed thickness. This literature review was recently updated by Randleman et al 8 The literature also advises evaluation of the posterior cornea and avoidance of LASIK when the posterior float is higher than 50 microns centrally because it can be an indicator of keratoconus. 46 When evaluating the risk of keratectasia, the posterior cornea is an indicative parameter, but in addition to the absolute value of elevation. Another possible risk factor is the site of maximum elevation, which must be at the center of the corneal map. Any decentering, especially if inferior, may be considered to be a risk factor. In most cases, asymmetric topographical maps or inadequate corneal thickness have been underestimated or misunderstood. However, it is important to bear in mind that correct evaluation of the posterior surface of the cornea with Orbscan II depends on many factors, such as corneal transparency and correct acquisition of the image. Patients with normal videokeratoscopy and a negative keratoconus screening by both Klyce/Maeda or Smolek/Klyce analysis may fall two standard deviations outside published norms for elevation and corneal thickness when examined by corneal tomography. 47, 48 The above examples highlight the potential for false-negatives but, as noted, may explain the reason for age being such a significant risk factor in the Ectasia Risk Score System. Eyes with keratoconus have been noted to have abnormal biomechanical properties, eg, corneal rigidity or resistance factor and corneal hysteresis, both of which can be evaluated using the ocular response analyzer. 49 This tool has been available for years, and recent reports have outlined its potential as a reliable indicator of abnormal biomechanics in eyes with keratoconus, even for subclinical cases with unremarkable topography. 50 Galletti et al found that corneal rigidity or resistance, but not corneal hysteresis, could be a reliable indicator of abnormal biomechanics in eyes with keratoconus, even for subclinical cases with unremarkable topography. They have derived both optimized corneal rigidity or resistance cutoff values and transformed submit your manuscript | www.dovepress.com Dovepress Dovepress indices for this purpose, concluding that testing with the ocular response analyzer should be considered in preoperative screening of potential candidates for LASIK.
Currently available corneal tomography techniques include Scheimpflug imaging, optical coherence tomography, and high-frequency ultrasound. Using three-dimensional tomographic reconstruction of the corneal surface and evaluating the posterior corneal surface, with a full pachymetric spatial profile as opposed to just a single central datum point, would change the risk analysis. Currently, pachymetric progression analysis, posterior elevation measurements, and corneal biomechanical testing are the most widely used adjuncts to preoperative screening of potential candidates for LASIK. The present study seems to validate these views. A more complete understanding of the physical and biomechanical properties of the cornea will allow improved determination of an individual's predisposition or susceptibility to developing ectasia. 51, 52 In our series, a large attempted refractive error was seen in eight of 23 ectasia cases (34.8%), occurring in six of nine (66.7%) in group 1, and two of 14 (14.3%) in group 2. This factor is surely very important in the development of post-LASIK ectasia. 53 However, asymmetric refraction between the two fellow eyes was also important. In fact, if asymmetry is noted in the preoperative refraction, in which the corrected vision in one eye is one or two lines less than in the fellow eye, one must be concerned about the presence of an abnormality in that visual system. An asymmetry in the manifest refraction of more than 1 D, significant asymmetry in topography, and a significant difference between the location of the corneal apex and the thinnest point in the cornea should increase the suspicion of an abnormality in the cornea, even in the absence of a positive family history. A family history of an ectatic corneal disorder in the absence of any clinical findings warrants consideration of a form of vision correction other than LASIK. 54 An additional risk factor may be related to the shape and depth of an individual laser ablation. Previous laser ablation profiles are substantially different from current wavefront-guided algorithms, which may be less structurally destabilizing because they can potentially remove less tissue per diopter of attempted correction. 55 Young patient age was noted in our series in four of 23 cases (17.4%), comprising two of nine (22.2%) in group 1 and two of 14 (14.3%) in group 2. Binder and Trattler analyzed about 150 eyes from patients aged 21-29 years, with a follow-up ranging from 24.9 to 27.9 months, and none of these eyes developed ectasia. 11 Much of the criticism of the Ectasia Risk Score System strategy relates to the high risk score assigned to patient age. Keratoconus is a disease that typically presents in the late teens and/or twenties. A truly new noniatrogenic case of keratoconus presenting past the fourth decade is rare. If we were able to identify early disease with 100% specificity and sensitivity, age would likely be of much less concern. Small preoperative central corneal thicknesses were also seen in our series in four of 23 cases (17.4%), comprising three of nine (33.3%) in group 1 and one of 14 (0.7%) in group 2. Thin corneas with normal topographies have been considered by some surgeons to be a risk factor for developing ectasia. 5, 7, 8, 45, 56 However, studies of eyes undergoing LASIK with corneal thicknesses less than 500 µm and normal preoperative topographies did not develop ectasia. 2, 57, 58 Other genetic or molecular factors, at present nonidentifiable, may be important for the development of ectasia. Lambiase et al recently described the absence of nerve growth factor receptor in 10 patients with advanced keratoconus, and hypothesized this to be a possible pathogenetic factor for development of corneal dystrophy. 59 In contrast, nerve growth factor receptor was reported to be present in two cases of keratoconus induced by refractive surgery. No refractive data for these two cases were reported, but it is reasonable to assume that those cases had identifiable risk factors (eg, high treated myopia). In fact, the patients undergoing penetrating keratoplasty in that study were comparable with most of our patients in group 1. It would be interesting to investigate the presence/absence of nerve growth factor receptor in patients with post-LASIK ectasia and nonidentifiable risk factors, and also in a larger number of patients.
Management of iatrogenic keratectasia consists of penetrating keratoplasty and, more recently, lamellar keratoplasty. 60 The principle common to all lamellar keratoplasty techniques is selective removal of pathological tissue only and sparing of the deeper corneal layers (Descemet's membrane and endothelium) and restoring normal corneal thickness by implanting a lamellar graft. However, hand dissection is a difficult, painstaking procedure that is rarely as precise as required. To circumvent these problems, some surgeons are now using an excimer laser to remove the recipient corneal stroma, leaving a good quality stromal bed surface. 61 Therefore, customized excimer laser-assisted lamellar keratoplasty has been conceived as a valuable alternative to penetrating keratoplasty for the treatment of keratoconus and keratectasia. 62 However, we recently reported a case of a patient with corneal ectasia which developed after excimer submit your manuscript | www.dovepress.com Dovepress Dovepress laser-assisted lamellar keratoplasty for keratoconus and a secondary photorefractive keratectomy for residual refractive error where the treatment of collagen corneal cross-linking with riboflavin and ultraviolet A (CXL) provided safe and effective management of the ectasia. 63 In fact, with the success observed for CXL in the treatment of progressive keratoconus, some studies have reported on the use of CXL for postoperative keratectasia in very thin corneas. 64 In conclusion, our investigation of the long-term outcome in a large number of patients indicates that the incidence of corneal ectasia after myopic LASIK is low. Moreover, the Ectasia Risk Score System devised by Randleman et al may be considered a good step towards understanding the critical variables present in eyes that have developed postoperative LASIK ectasia.
